Signatures of defect-localized charged excitons in the photoluminescence
  of monolayer molybdenum disulfide by Neumann, Andre et al.
Signatures of defect-localized charged excitons in the photoluminescence of monolayer
molybdenum disulfide
Andre Neumann,1, ∗ Jessica Lindlau,1 Manuel Nutz,1 Aditya D. Mohite,2 Hisato Yamaguchi,3 and Alexander Ho¨gele1, ∗
1Fakulta¨t fu¨r Physik, Munich Quantum Center, and Center for NanoScience (CeNS),
Ludwig-Maximilians-Universita¨t Mu¨nchen, Geschwister-Scholl-Platz 1, 80539 Mu¨nchen, Germany
2Department of Chemical and Biomolecular Engineering, Rice University, Houston, Texas 77005, USA
3Los Alamos National Laboratory (LANL), Los Alamos, New Mexico 87545, USA
We study spatial photoluminescence characteristics of neutral and charged excitons across extended mono-
layer MoS2 synthesized by chemical vapor deposition. Using two-dimensional hyperspectral photolumines-
cence mapping at cryogenic temperatures we identify regions with increased emission from charged excitons
associated with both spin-orbit split valence subbands. Such regions are attributed to unintentional doping at
defect sites with excess charge that bind neutral excitons to form defect-pinned trions. Our findings imply com-
parable timescales for the formation, relaxation, and radiative decay ofB trions, and add defect-localizedA and
B trions to the realm of photoexcited quasiparticles in layered semiconductors.
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The photophysics of semiconducting transition metal di-
chalcogenide (TMD) monolayers (MLs) such as molybde-
num disulfide (MoS2) are dominated by excitonic phenom-
ena. The inherently two-dimensional material properties with
strong confinement in space and reduced dielectric screening
lead to tightly bound electron-hole pairs with binding ener-
gies exceeding several hundred of meV [1–3]. The two lowest
band-edge excitons, commonly referred to as A and B exci-
tons, originate from the spin-orbit split valence subbands at
the K and K ′ valleys of the hexagonal Brillouin zone [4, 5].
Due to strong spin-orbit effects and broken inversion symme-
try in real space, the exciton spins are pinned to their valley
degree of freedom and can be addressed selectively or co-
herently with polarized light [6–8], enabling their manipula-
tion for valleytronic applications [9, 10]. Furthermore, large
Coulomb interactions in TMDs give rise to pronounced many-
body phenomena where quasiparticles consisting of three or
more charge carriers are formed, including trions [8, 11, 12],
biexcitons [13–15], or Fermi polarons [16].
The kinetics responsible for the photogeneration of stable
many-body systems are complex [17]. For example, in the
limit of low densities of excess charge carriers, trions may
form through coalescence of an exciton with an extra charge
within the Fermi sea or pinned to a defect, or evolve from an
electron-hole plasma in a nonequilibrium state [18]. In most
cases the number of photogenerated trions is determined by
the former channel and depends on the doping level of the
semiconductor.
In our work we studied electrically and chemically doped
ML MoS2 with confocal photoluminescence (PL) spectros-
copy at cryogenic temperatures. ML MoS2 crystals were
grown by chemical vapor deposition (CVD) as described pre-
viously [19, 20]. After synthesis, the flakes were transferred
onto substrates of highly p-doped silicon (Si) with 100 nm of
thermal silicon dioxide (SiO2). A field-effect transistor (FET)
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was fabricated for electrostatic doping of one sample. On
the second sample grown under identical conditions we stud-
ied bare MoS2 flakes without electric contacts yet with local
chemical doping effects due to unintentionally formed point
defects [21] which promote adsorption of molecular contam-
inants [22, 23]. In the experiments described below we used
the FET sample to calibrate the charge polarity of the back-
ground doping characteristic of ML MoS2 on SiO2 [19, 24]
and the associated spectral signatures of A and A− PL stem-
ming from neutral and negatively charged excitons of the A
exciton manifold [11, 25–27]. In general, the two PL reso-
nances can be ascribed to many-body generalizations of trion
bound and unbound states or excitons dressed by the Fermi
sea, and represent trions and excitons at sufficiently low car-
rier densities [28]. Based on the reference measurements of
the first sample, we used the second sample to study the PL
characteristics of neutral and charged excitons of both A and
B spin-orbit split manifolds. Our results identify the emis-
sion from defect-localized negatively charged trions, B−, as
excited-state counterparts of the charged A exciton. More-
over, from the analysis of the associated charge doping pro-
files obtained in PL imaging we provide insight into the trion
formation dynamics for both exciton manifolds.
Our cryogenic PL spectroscopy and raster-scan imaging ex-
periments were performed in a helium bath cryostat at 4.2 K
or a closed-cycle cryostat with a base temperature of 3.1 K.
The samples were positioned into the focal plane of a low-
temperature apochromatic objective with a numerical aperture
of 0.65 and diffraction-limited confocal excitation and detec-
tion spots of ∼ 0.7 µm diameter. PL and Raman measure-
ments were performed with lasers at 532 nm or 639 nm and
a spectrometer equipped with a nitrogen-cooled Si CCD. The
spectral resolution of the system was ∼ 0.35 meV for PL and
∼ 0.6 cm−1 for Raman spectroscopy.
First, we studied the effect of intentional doping of MoS2
ML flakes obtained with our sample fabrication method in-
volving CVD and transfer to target substrates [29]. The
schematics and an atomic force micrograph of our ML MoS2
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Figure 1. (a) Schematic of a field-effect transistor based on mono-
layer MoS2 (orange triangle) with source and drain contacts (green-
colored metallic pads) on top of 100 nm thermal SiO2 and p-doped
Si back gate (dark blue). (b) Atomic force micrograph of the device
(scale bar is 5 µm). (c) Source-drain current (Isd) through the flake
as a function source-drain voltage (Usd) for two gate voltages (Ug)
of±30 V. (d) Integrated A and A− photoluminescence intensities as
a function of Ug under excitation at 532 nm (solid and dotted lines
are linear guides to the eye). (e) Corresponding photoluminescence
spectra (blue) with double-Lorentzian fits (green) accounting for A
(solid gray) and A− (dotted gray) contributions; the spectra were
offset for clarity. Data in (c)–(e) were measured at 4.2 K.
FET device are shown in Figs. 1(a) and 1(b), respectively.
Electrical contacts on top of a MoS2 ML triangle were de-
fined by means of laser lithography and deposition of tita-
nium (3 nm) and gold (50 nm). The p-doped Si substrate was
used as the back gate of the device. The FET exhibited n-
type conductivity in cryogenic current-voltage measurements
[Fig. 1(c)] with non-Ohmic response of the source-drain cur-
rent that is characteristic of non-annealed devices with sizable
Schottky barriers [24, 30, 31].
The tuning of the doping profile in the low carrier density
regime with negligible screening effects was also monitored
with PL spectroscopy. For MoS2 MLs on SiO2 both neutralA
excitons and negative A− trions with a splitting of ∼ 30 meV,
corresponding to the trion binding energy, contribute to the
emission spectrum [11, 27]. In Fig. 1(d) we plot the A and
A− PL intensities as a function of the applied gate voltage.
The data points were obtained from spectral deconvolution of
the total PL spectrum into the emission from A and A− ex-
citons, each modeled by a Lorentzian with full-width at half-
maximum (FWHM) linewidth of 60 meV and peak maxima
separated by the trion binding energy [Fig. 1(e); note the cor-
respondence between the spectrum in blue and the model fit
in green]. For zero gate bias the imbalanced intensities of A
and A− correspond to an electron doping density on the or-
der of 1012 cm−2 [32] due to substrate-induced background
doping of MoS2 on SiO2 [33–35]. An increase in the electron
concentration at a gate voltage of +30 V was accompanied by
an increase of A− and a decrease of A emission and the op-
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Figure 2. (a) and (b) Raster-scan maps of A and A− photolumi-
nescence intensities in a monolayer MoS2 crystal with a region of
defect-induced chemical doping at the lower right edge (scale bar is
5 µm). (c) and (d) Same for B and B− emission. (e) Normalized
photoluminescence spectra measured on charged and neutral posi-
tions of the crystal (top and bottom blue traces, respectively) with
Lorentzian fits of neutral and negatively charged A and B exciton
emission as well as localized excitons (L) below ∼ 1.75 eV (gray
traces with inset labels); green traces are sums of all five Lorentzians.
The images in (a)–(d) were constructed by integrating the respective
contributions of A, A−, B, and B− emission to the photolumines-
cence spectra at each raster-scan position (pixels with signal-to-noise
ratios below 10 were set to zero). All data were measured at 3.1 K
with 532 nm excitation.
posite effect was observed at−30 V [Fig. 1(d)] in accord with
a partial compensation of the negative background doping at
negative gate voltages.
Complementary to field-effect doping, chemical doping
provides an alternative approach to trion generation in ML
TMDs [26, 36, 37]. Molecular adsorption and defect sites
in layered semiconductors give rise to binding of excitons to
immobile charges [38, 39], thereby forming defect-localized
trions. In this regime of localized excitonic complexes [40],
we expand our analysis to a previously studied MoS2 single
crystal [20] without active charge control from the same CVD
batch as the sample of Fig. 1. By raster scanning the sam-
ple with respect to diffraction-limited confocal excitation and
detection spots, PL spectra spanning the range of A and B
excitons were recorded. At each pixel of the raster scans the
spectra were decomposed into five Lorentzians. Four distri-
butions with fixed energies and linewidths were used to fit
A and B excitons and their trion counterparts A− and B−
[41], and lower energy localized L excitons were accounted
for by an additional Lorentzian with variable peak energy and
linewidth parameters. These conditions restrict the validity of
our evaluation to low charge doping of . 1012 cm−2, where
the exciton-trion peak difference is approximately constant
[42, 43] and the picture of dressed exciton states is not rel-
evant [28]. Results for A and B excitons and trions are shown
in Figs. 2(a)–2(d). The observation of B excitons in PL in-
dicates that relaxation pathways from the B to the A exciton
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Figure 3. (a) and (b) Raster-scan maps of the E12g and A1g Ra-
man mode frequencies (bottom panels) and line cuts along the arrow
(top panels) recorded with an excitation laser at 639 nm on the same
MoS2 crystal as in Fig. 2. The line cuts are shown as frequency shifts
relative to 385 cm−1 and 407 cm−1 for the E12g and A1g modes, re-
spectively. (c) Representative Raman spectra of the E12g and A1g
modes for regular (bottom) and defect-contaminated (top) positions
of the MoS2 crystal (spectra were normalized and offset for clarity;
dashed lines are guides to the eye). The mode assignment corre-
sponds to common bulk notation in MoS2 at the Γ point of the Bril-
louin zone. All data were measured at 3.1 K.
manifold which require spin or valley flips of both electrons
and holes [44] are slow as compared to the radiativeB exciton
recombination time.
For direct comparison, Fig. 2(e) shows representative spec-
tra exhibiting mostly neutral and charged excitons in the
MoS2 ML (note the increased emission from localized L ex-
citons in the trion-dominated spectrum suggesting local cor-
relations between trion peak intensity and disorder). Best fits
for A excitons at 1.88 eV and B excitons at 2.03 eV were ob-
tained with inhomogeneously broadened FWHM linewidths
of 60 meV and 85 meV, respectively, and the same linewidths
for the corresponding trions. Our analysis verifies that theB−
negatively charged trion counterpart to A− is also stable [41]
with a slightly larger trion binding energy of 34 meV. The
small difference in the trion binding suggests comparable ex-
tends of the Bohr radii for A− and B− trions, consistent with
diamagnetic shifts of neutral A and B excitons in the related
ML material WS2 [45]. Our findings of luminescent B− tri-
ons complement their observation in reflectance contrast mea-
surements in ML WS2 [42] as well as in photoinduced absorp-
tion of few-layer MoS2 [46].
Apart from charge doping, ML spectra are also known to be
sensitive to strain [47–49]. To eliminate any related ambiguity
in the origin of spectral shifts of A and B-type excitons, we
inspected the crystal structure of the MoS2 flake in Fig. 2 by
means of Raman spectroscopy. Vibrational in-plane modes in
TMDs such as the E12g mode are most affected by strain. In
MLs the Raman shift of the E12g mode is known to decrease
by 2.1 cm−1 per percent of uniaxial strain [50] without depen-
dence on charge doping [51]. For our sample the homogenous
profile of the E12g mode around 385 cm
−1 shown in Fig. 3(a)
suggests strain variations across the crystal of at most∼ 0.3%.
These variations can only account for exciton redshifts of less
than half of the measured binding energies of A− and B−
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Figure 4. (a) Atomic force surface topography for the MoS2 flake
of Fig. 2: micrograph (bottom panel) and height profile across the
dashed line (top panel). The step heights of ∼ 4 A˚ and ∼ 7 A˚ iden-
tify regular and defective monolayer regions, respectively. (b) Map
of charge doping in units of electron charge per A exciton (bottom)
for the same flake and corresponding profile along the line indicated
by the arrow (top). The map was computed asA−/(A+A−), where
A (A−) are the deconvolved exciton (trion) photoluminescence in-
tensities. (c) Equivalent map (bottom) and doping profile (top) for B
excitons, computed as B−/(B+B−) with B and B− contributions
obtained from spectral deconvolution. Photoluminescence data were
acquired at 3.1 K with 532 nm excitation; pixels with signal-to-noise
ratios below 40 in (b) and 20 in (c) were omitted.
trions. Opposed to E12g vibrations, the frequency of the out-
of-plane A1g mode is not sensitive to uniaxial strain [50] but
softens from charge neutrality to an electron doping density of
∼ 2× 1013 cm−2 by 4 cm−1 [51]. Fig. 3(b) shows the spatial
distribution of theA1g frequency centered at 407 cm−1 for our
ML crystal. The profile reveals uniformity within ∼ 2 cm−1
and an averageA1g to E12g peak separation of∼ 22 cm−1 that
is typical for CVD-grown MoS2 MLs at cryogenic tempera-
tures [52]. With this data at hand, we confirm that the flake
exhibited only low doping well below the electron concentra-
tion of 1013 cm−2 with local changes bordering the sensitivity
of our experiment. In fact, high signal-to-noise Raman spectra
of the A1g and E12g modes at representative chemically doped
and regular ML positions of the flake were identical within
our resolution limit [Fig. 3(c)]. We therefore conclude that
the MoS2 ML is weakly and locally doped without substantial
strain changes.
Further support in favor of defect-pinned doping was ob-
tained by mapping the surface topography of the crystal
[Fig. 4(a)]. Apart from regular ML domains identified by the
step of ∼ 4 A˚ above the substrate, our measurements clearly
show regions elevated by ∼ 7 A˚ on top of the ML, such as
the trion-rich puddle at the lower edge. We assume that these
elevated regions stem from accumulations of molecular adsor-
bates at negatively charged sulfur vacancy sites [53], which
are commonly encountered in CVD-grown MoS2 due to their
low formation energy [54]. The correspondence in the obser-
vation of A− and B− trions at the same positions implies that
the localized electronic charges of sulfur vacancies were not
fully screened by the molecules acting as acceptors.
Finally, we qualitatively discuss local charge inhomogenei-
ties in the chemically doped MoS2 ML using the ratio of den-
4sities of charged to neutral excitons. To this end, we com-
pute charge doping profiles as A−/(A + A−) for the ground
state excitons and B−/(B + B−) for the spin-orbit split ex-
citons [Figs. 4(b) and 4(c), respectively]. The profiles high-
light in red (blue) local regions with higher (lower) electron
concentrations, among them the surface-contaminated pud-
dle. At regular positions away from the puddle and edges, the
charge concentration of ∼ 0.5 electrons per A-type exciton
[Fig. 4(b)] is found in good agreement with the background
doping of our electrostatically tunable ML at zero gate volt-
age [Fig. 1(d)]. In the limit of low doping, and assuming trion
formation through exciton-electron Coulomb interactions on
timescales τf fast compared to the exciton decay time τ , the
profiles provide a quantitative means to image the local doping
level by employing the mass action model [12, 26, 36]. How-
ever, considering that PL decay typically occurs within only a
few picoseconds for A [27, 55, 56] and B [57] complexes at
low temperatures, it is likely that A− and B− trion formation
is slow enough to compete with the population decay of the
trion unbound states on comparable timescales in our CVD-
grown sample. This is indeed in accord with measured A−
trion formation times of ∼ 1 ps in MoS2 [37] and ∼ 2 ps in
MoSe2 [58]. A quantitative model of the local doping con-
centration thus requires explicit knowledge of timescales for
charge carrier capture and population decay not measured for
our samples. At the qualitative level, the comparison of the
maps in Figs. 4(b) and 4(c) demonstrates that A− and B−
trion photogeneration dynamics are not too distinct. In other
words, B exciton population relaxes on timescales compara-
ble to their radiative decay, providing sufficient time for the
formation of defect-localized B− trions. The reduced con-
trast and increased values of charged exciton densities in the
doping profile of Fig. 4(c) indicate for our sample that the ratio
between the timescales of trion formation and neutral exciton
decay (τf/τ ) is smaller for the B manifold as compared to
the A manifold. This observation is most pronounced for B−
trions in regular regions with low contamination.
In summary, spatially inhomogeneous distributions of
charged excitons due to unintentional chemical doping were
studied on CVD-grown MoS2 MLs with PL imaging and
spectroscopy. In addition to A− trions, our PL experiments
identified defect-localized B− trions with binding energy of
34 meV. Our analysis of charge doping profiles constructed
from relative contributions of charged and neutral exciton PL
indicates that the formation of localized B− trions competes
with their relaxation and decay on comparable timescales.
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